The paper deals with Hawking radiation from a general static black hole due to tunnelling of particle having non-zero mass. Due to complicated calculations, quantum corrections are calculated upto first order. The results are compared with those for massless particle near the horizon. Keywords : Hawking Temperature, Tunnelling, Quantum Correction Pacs no : 04.70.Dy, 04.60.Kz
where E is the energy associated with the tunnelling particle and T H is the usual Hawking Temperature. At present, there are two commonly used aproaches to evaluate the imaginary part of the action − the null geodesic method and the Hamilton-Jacobi(HJ) approach. The first method was formulated by Parikh and Wilczek [8] considering null s-wave emitted from the BH. This method is limited to massless particles only. Also this method is applicable to such coordinate system only in which there is no singularity across the horizon. Srinivasan et. al. [10, 11] did the pioneering work for HJ approach considering emitted particle without self gravitation and assuming the action satisfies the relativistic HJ equation. Tunnelling of both mass less and non-zero mass particles are possible in this approach and it is applicable to any coordinate system to describe the BH.
Most of the studies [12, 13] dealing with the Hawking radiation are concentrated to semi-classical analysis. Recently, Banerjee et. al. [14] initiated the calculation of Hawking Temperature beyond semiclassical limit. They have considered tunnelling of massless particle only and evaluated the modified Hawking temperature with quantum corrections.
In this letter, we consider tunnelling of particle having non-zero mass beyond semiclassical approximation. Due to non-zero mass the imaginary part of the action can not be evaluated using first approach, only HJ method will be applicable. Further, the complicated form of the equations involved restricted us to only first order quantum correction.
The Klein Gordon (KG) equation for a scalar field ψ describing a scalar particle of mass m 0 has the form [10] + m 2 0
where the box operator ' ' is evaluated in the background of a general static BH metric of the form
The explicit form of the KG equation for the metric (3) is
Due to spherical symmetry we can decompose φ in the form
where φ satisfies [10] 1 A
If we substitute the standard ansatz for the semiclassical wave function namely
then the action S will satisfy the following differential equation :
where
is the angular momentum. To incorporate quantum corrections over the semiclassical action we expand the actions in powers of Planck constanth as
Where S 0 is the semiclassical action and k is a positive integer. Now substituting this ansatz for S in the differential equations (8) and equating different powers ofh on both sides we obtain the following set of partial differential equations :h To solve the semiclassical action S 0 , we start with the standard separable choice [10] .
Substituting this choice in equation (10) we obtain
where ′ + ′ or ′ − ′ sign corresponds to ingoing or outgoing scalar particle. Now substituting this choice for S 0 in equation (11) we have the differential equation for the first order corrections, S 1 as
As before S 1 can be written in separable form as
Now due to complicated form if we retain terms upto first order quantum corrections, i.e.,
then the wave function denoting ingoing and outgoing solutions of the KG equation (6) using (7) are of the form
and
It is to be noted that in course of tunnelling across the horizon the coordinate nature changes,i.e., more precisely the sign of the metric coefficients in the (r, t)-hyperplane are altered. This we can interpret as that the time coordinate has an imaginary part in crossing the horizon and accordingly temporal part has contribution to the probabilities [14, 15] . Thus incoming and outgoing probabilities are given by
In the classical limith → 0, there is no reflection so all incoming particles should be absorbed and hence [17] limh →0 P in = 1
So from equaton (21) we must have
as a result P out simplifies to
Using the principle of "detailed balance" [10, 11, 16] namely
the temperature of the BH is given by
where the semiclassical Hawking temperature of the BH has the expression
Now, to obtain the modified form of the surface gravity of the BH, we start with the usual relation between surface gravity and Hawking temperature namely
where T H is given by equation (28). So the quantum corrected surface gravity is given by
Further, for the present non-rotating. uncharged, static black holes using the law of black hole thermodynamics dM = T h dS we have the expression for the entropy of the black hole as
it is easy to see from equation (27) that near the horizon the presence of E 2 0 term can be neglected as it is multiplied by the metric coefficient A. Therefore, the quantum corrected (upto 1st order) temperature of the BH (in equation (27)) reduces to
and the Hawking temperature (given in equation (28)) becomes
So we have
We see that if the energy of the tunnelling particle is chosen as ω 0 (i.e., E = ω 0 ) and ω 1 = β1 M (for notations see Banerjee et. al. [14] ) then the Hawking temperature given by equation (32) is the usual one derived for massless particles and the quantum corrected temperature T h given in equation (33) agrees with that of Banerjee et. al. [14] for massless particle. Therefore, hawking temperature near the horizon remains same for both massless and non-zero mass tunnelling particle and it agrees with the claim of Srinivasan et. al. [10] and Banerjee et. al [14] . For future work, it will be interesting to calculate temperature of the BH for tunnelling non-zero mass particle with full quantum correction and examine whether the result agrees with that of Banerjee et. al. [14] near the horizon. Finally, it will be nice to determine quantum corrected entropy of the black hole in a convenient form.
